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Surface flawed and single edqe notch tension specimens of 22 1 9-T85 1 and 
-T 87 aluminum were tested to determine static fracture characteristics 
and bcje line (constant amplitude, constant temperature) cyclic flaw growth 
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FOREWORD 

This report describes an investigation of fracture characteristics and cyclic 
flaw growth behavior of 22 1 9-T85 1 and -T87 aluminum alloys subjected to load- 
ing under a thermal profile. The work was performed by the Boeing Aerospace 
Company from June 1973 through September 197** under Contract NAS3-1776 k. The 
work was administered by Mr. John A. Misencik of the NASA-Lewis Research 
Center . 

Boeing personnel who participated in this investigation included J. N. Masters, 
Project Manager and W. L. Engstrom, Technical Leader. Test support was pro- 
vided by A. A. Ottlyk. Metallurgical support was provided by M. V. Hyatt and 
K. H. Gramling. George Buehler prepared the art work and Eva Cornelius typed 
the manuscript . 

The information contained in this report is also released as Boeing Document 
0180 - 1861 5- 1 - 
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SYMBOLS AND ACRONYMS 


Crack, depth of semi-elliptical surface flaw in surface flaw 
specimen, length of through-the-thickness crack in single 
edge notch tension specimen. 

Critical flaw size for single edge notch tension specimen. 

Flaw length of semi-elliptical surface flaw. 

Crack opening displacement constant. 

Crack opening displacement. 

Cyclic crack growth rate. 

Young's Modulus. 

Elevated temperature (A50K (350°F) unless noted otherwise). 
Electrical discharge machine. 

Single edge notch tension specimen stress intensity factor. 

Single edge notch tension specimen stress intensity at 

failure -- calculated from a. and a 

1 max 

Critical single edge notch tension specimen stress intensity 

factor-- calculated from a and o 

cr cr 

Irwin surface flaw stress intensity with deep flaw magni f icat ior 
Surface flaw critical stress intensity. 

Maximum cyclic surface flaw stress intensity. 

Maximum cyclic single edge notch tension through-the-thickness 
flaw stress intensity. 

Crack growth resistance. 

Difference between maximum and minimum applied cyclic stress 
i ntens i t ies . 

Deep flaw magnification factor from NASA CR 72606. 

Number of fatigue cycles. 

Not available. 

2 

Flaw shape parameter = i 2 - 0.212(?/o^) . 

Single edge notch tension specimen. 

Surface flaw specimen. 

Half plastic zone size. 

Cyc 1 ic stress ratio. 
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SYMBOLS AND ACRONYMS 


RT 

t 

W 

Y 
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°’V°G 

Failure 

a 

cr 

°MAX 

°N 

a ,o 

ys y 

a ULT 

v 

4 > 


Room temperature. 

Thickness of specimen at flaw plane. 

Width of specimen at flaw plane. 

Polynomial function of a and W used to calculate stress 
intensity for single edge edge notch tension specimens. 
Crack opening displacement. 

Applied gross stress. 

, 0 ^ Stress level at which failure occurs. 

Critical stress level at which failure occurs. 

Maximum cyclic stress level. 

Net section stress. 

Yield strength. 

Ultimate strength. 

Poisson's ratio. 

Complete elliptical integral of the second kind 

o 1 /2 

corresponding to modulus k = [(c 2 - a 2 )/c 2 ] 
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SUBSCRIPTS 


f Final condition, 

i Initial condition, 

cr Critical condition. 

RT Condition at room temperature 

ET Condition at elevated temperature (450K (350°F) unless noted 

otherwise) . 
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SUMMARY 

This experimental program was undertaken to determine the behavior of 
2219-T851 and -T 87 aluminum alloys when subjected to a thermal profile 
spectrum in which applied stress levels are varied at the same time that 
the test temperature is varied over the range 144K (-200°F) up to A 5 OK 
(350° F ) . Pursuant to the investigation of the above problem a number of 
other data were also generated including mechanical properties, static 
fracture characteristics and constant amplitude, constant temperature 
cyclic behavior. The -T 85 I temper was tested in a thickness of 6.35 mm 
(0.250 in.) and the -T 87 temper was tested in thicknesses of 6.35 mm 
(0.250 in.) and 3-18 mm (0.125 in.). Flat tensile specimens and surface 
flaw and single edge notch tension fracture specimens were tested. Mech- 
anical property and static fracture specimens were tested at 1**1*K (-200°F), 
room temperature, and 1*50K (350“F) . Cyclic specimens were tested at room 
temperature and 1*50K (350°F) . 

All surface flaw specimens tested exhibited failure stresses near the yield 
strengths of the materials. Single edge notch tension specimens produced 
K_ r and values which remained constant at 1**I*K (-200®F) and room tem- 
perature. An increase in temperature to 1*50K (350°F) caused a substantial 

increase in K and K.„ values, 
cr CN 

Results of the constant amplitude, constant temperature cyclic crack growth 

tests indicate for both surface flaw and single edge notch tension specimens 

that 221 9 _ T 85 1 and -T 87 have the same cyclic crack growth rates at room 

temperature. At l*50K (350°F) the -T 85 I temper has slower crack growth rates 

thar the -T 87 temper. In addition, it has been shown that crack growth rates 

of each temper are approximately doubled by an increase of temperature to l*50K 

(350®F) at low K values (22 MN/m 3/2 (20 ksi/iTT)). At K values above 
max max 

kk MN/rrr (1*0 ksi /Tn) growth rates at room temperature and elevated temper- 
ature are equal. Tests conducted on single edge notch tension specimens to 
evaluate the effect of hold time on crack growth rates have shown that hold- 
ing at the maximum stress level for 2 minutes on each cycle increases crack 
growth rates substantially over those produced by sinusoidal loading at 1 Hz 
(60 cpm) . 
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Results of thermal profile tests show that the flaw growth of surface 
flaw specimens can be successfully predicted by using a linear cumulative 
damage analysis. Crack growth rates of single edge notch specimens sub- 
jected to thermal profile loading are slower than those which would be 
predicted by a linear cumulative damage analysis. The crack growth rate 
retardation apparent in single edge •'otch tension specimens appears to be 
caused by the high temperature part of the thermal profile. Specimens sub- 
jected to subsequent room temperature exposure and cycling exhibit lower 
growth rates than would be expected from comparison with base line constant 
temperature, constant amplitude crack growth data. Additionally, there 
appears to be a specimen size and/or net section effect on single edge 
notch specimens subjected to thermal profile loading. Wide specimens sub- 
jected to net section stresses of 27% to 31% of a display more retarda- 
tion in flaw growth behavior than smaller specimens subjected to net section 
stresses of 42% to 84$ of a The surface flaw specimens, which did not 
show retardation, were subjected to net section stresses on the order of 
53% to 97% of a ys . 
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1.0 INTRODUCTION 

Experience has shown that large aerospace structures and pressure vessels 
Cftei contain crack- like defects due to fabrication. Service life of these 
structures is dependent upon initial quality of the structure, the sub- 
cr'tical flaw growth characteristics of the materials in their respective 
service environments, and the critical flaw sizes at maximum operating stresses. 
Ovei tie past few years, several research programs have been undertaken to 
invet' igate methods to prevent failure of aerospace structures and pressure 
vesse’s, and to provide test data which can be utilized in design (e.g., 
References 1 through 6). Most prior fracture experiments on 2219 aluminum 
have been performed at constant temperature. Several areas of the planned 
shuttle vehicle will be subjected to varying temperature profiles ranging 
from subzero temperatures to up to approximately +I*50K (+350°F) for aluminum 
components . 

An ea r lier Boeing IR&D study investigated flaw growth of aluminum 
surface flawed specimens subjected to a simulated recoverable booster load/ 
temer.iture profile. Loads were held relatively constant while temperature 
was varied betwe^ i 78 k (*320°F) and 1*5QK (+350°F) . Results indicated signif- 
icantly higher growth rates than anticipated, with most of the damage occur- 
ring at elevated temperature. 

The program reported herein was initiated to further explore the problem of 
flaw growth under load/ temperature profiles simulating Space Shuttle orbiter 
primary structure. Materials selected for this investigation were 221 9~T85 1 
aluminum, 6.35 ti (0.250 in.) thick, and 221 9~T87 aluminum, 6-35 mm (0.250 in.) 
and _>. 18 mm tO.125 in.) thick. The fracture and flaw growth tests were per- 
formed i ing both surface flaw (SF) and single edge notch tension (SENT) spec- 
imen configurations. 

r he materials were characterized using mechanical property, static fracture 
and constant f.mplitude, constant temperature cyclic crack growth tests. A 
summary o' - ' iests performed are shown in Table 1. Tests in which the applied 
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stress and temperature were varied simultaneously were subsequently conducted. 

The load/thermal profile utilized for each flight was a simplified version of ' 

that which a shuttle structure might be subjected to during flight. It was 
kept as simple as possible to insure that the test results could be easily com- 
pared with the results of the constant amplitude, constant temperature cyclic 
tests. A schematic of the typical profile used for the tests is shown in Fig- 
ure I. A summary of the load/thermal profile tests is shown in Table 2. 

The following sections of this report describe materials and procedures and 
include results and analysis, and conclusions. 
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2.0 MATERIALS 


The material used In this program was 2219 aluminum in the -T 85 I and -T 87 
tempers in a plate thickness of 6.35 mm (0.250 in.). All material for each 
temper was from a single heat. The material was ordered per Boeing Speci- 
fication BMS 7“!05C (equivalent to Military Specification MIL-A-8920A) . 
Chemical compositions of the two heats were determined by the Boeing Aero- 
space Company and are shown in Table 3* The cleanliness rating of both 
heats were better than classification "A" per ASTM EA 5 - 63 . 
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3.0 PROCEDURES 

3.1 SPECIMEN FABRICATION 

3-1.1 Tensile Specimens 

Tensile specimens were fabricated per Figure 2. The 22 1 9~T85 1 specimens 
were tested in full thickness from £.35 mm (0.250 in.) plate. 22 1 3-T87 spec- 
imens were cut from the same heat of 6.35 mm (0.250 in.) plate and were tested 
in thicknesses of 6-35 mm (0.250 in.) and 3-18 mm (0.125 in.). Specimens were 
cut so that the loading axis was either parallel (longitudinal) or perpendicular 
(transverse) to the major rolling direction. 

3-1.2 Single Edge Notch Tension and Surface Flaw Specimens 

All single edge notch tension (SENT) and surface flaw (SF ) specimens were 
fabricated so that the loading direction was perpendicular to the rolling 
direction. This produced a TL crack propagation direction for al' SENT tests 
and a TS crack propagation direction for all SF tests. (See r igure 3 for a 
description of propagation directions.) Specimen configurations are shown in 
Figures A through 9 . SENT static fracture specimens are shown in Figures A, 5 
and 6 . The SENT conf i gurat ions shown in Figures 6 and 7 were employed for the 
cyclic tests. The surface flaw specimens used for the static fracture and 
cyclic tests were fabricated per tno configurations shown in both of Figures 8 
and 9 . 

Flaws in the SENT specimens were introduced by cutting standard chevron shaped 
notches as shown in Figures A through 7- Flaw' in the SF specimens were intro- 
duced by electric discharge machining (EDM) . The chevron notches in the SENT 
specimens and the EDM notches in the SF specimens were extended by tension 

cycling at low stress levels. The maximum stress levels for the SENT specimens 

2 

varied f r om 28 to Al MN/m (A to 6 ksi). The SF specimens were precracked at 

2 

83 to 138 MN/m (12 to 20 ksi). The number of cycles required was 10 to A 5 3 
thousand for SENT specimens and 2 to 30 thousand for SF specimens, depending 
on the initial flaw size and precracking stress. The cracks in SENT specimens 
were visually observe - ) at the specimen surface with the aid of a magnifying 
glass, and the flaw periphery of SF specimens was visually observed with the aid 
of a microscope to determine when precracking was complete. 
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3.2 


TEST SETUP 


All tests were conducted in an environmentally controlled laboratory at the 
Boeing Space Center in Kent, Washington. Mechanical property and static 
fracture tests conducted at 1AAK (-2Q0°F) were performed by enclosing the 
specimen in an insulated chamber and introducing gaseous nitrogen (GN^) at 
low temperature. Several thermocouples were installed on each specimen and 
the temperature was maintained at 1AAK (-200°F) +3K (5°F) for at least ten 
minutes before each test. Tests conducted at 450K (350®F) were performed by 
installing electrical resistance contact heaters on the specimen. As with 
the cryogenic tests, the temperature was monitored with thermocouples and 
the specimen was allowed to soak at A50K (350°F) +3K (5°F) for at least ten 
minutes before each test. Thermal profile specimens which were tested at 
temperatures ranging from 1AAK (*200°F) up to i*50K (350°F) were conducted by 
utilizing a combination of GNj, spray, and electrical re stance contact 
heaters . 

Tensile specimens were tested in a 0.53 MN (120 kip) capacity Baldwin static 
test machine. The SENT and SF static fracture tests were tested in a Mate- 
rials Testing System (MTS) machine with a 1-3^ MN (300 kip) static capability 
and a 1*11 MN (250 kip) cyclic capability. The SF cyclic tests were conducted 
in ei ther a 0.27 MN (60 kip) or a 0. 67 MN ( 1 50 kip) capac i ty test machine of 
Boeing manufacture. A photo of a SF specimen insto’ied in a test machine is 
shown in Figure 10. The SENT cyclic tests were conducted in the above mentioned 
0.27MN (60 kip) and0.f7MN (150 kip) machines, and in the MTS machine. All SENT 
tests utilized pin loading. Thermal profile spectrum tests of the SF specimens 
were conducted in the MTS machine. Thermal profile spectrum SENT specimens were 
tested : n the MTS machine and a '-56 MN (350 kip) capacity resonant beam fatigue 
machine. During the thermal profile tests, the load was control’ed by the use 
of a NOVA load programming system. The temperature profile was controlled with 
a programmable temperature control system using set points and timers. Control 
systems on the load and temperature programmers were interconnected to achieve 
the thermal/stress profiles required for the tests. A photo of a SENT specimen 
installed in a test machine and under test is shown in Figure 11. A closeup 
view is shown in Figu r e 12. 


8 





! 


] 





1 s 1 

1 %. # 


I 

f 



s 



. J 


Crack propagation in SENT specimens was monitored with the use of crack pro- 
pagation gages (CPG) . These gages are manufactured by the Micro-Measurements 
Company under the catalog number TK-09-CPC03-003- They were applied in the 
same manner as standard strain gages. A photo of a specimen with a CPG in- 
stalled is shown in Figure 13- Crack propagation was also measured by visual 
means during the cyclic tests. 

For the SF static fracture tests, determination of flaw growth through the 

thickness (breakthrough) prior to ultimate failure was accomplished by em- 

ploying pressure cups. The pressure cups were clamped to the specimens and a 
pressure differential of approximately 3-5 to 7 KN/m (5 to 10 psi) was used. 
Helium gas was used as the pressurizing medium. Pressure transducers were 
employed on the front and/or back side to sense the pressure change associated 
with flaw breakthrough. Pressure cups were also utilized on SF cyclic tests to 

determine breakthrough. Examples of pressure cups are shown in Figure 11*. 

Crack opening displacement (COD) was monitored during static fracture and cyclic 
tests of both SENT and SF tests. A standard ASTM type clip gage (Reference 7) 
was used. The clip gage was attached to integrally machined knife edges on the 
SENT specimens. (See Figure 13 for an example of a clip gage installation.) 

For the SF specimens, it was necessary to spot weld knife edges to each specimen 
as shown in Figure 15- 

3.3 EXPERIMENTAL APPROACH 

Sunmaries of the types of tests conducted in this program are shown in Tables 
1 and 2. Details of the experimental approach used are described below. 

3-3-1 Mechanical Property Tests 

Extensometers were used on all tensile specimens. Mechanical property tests 
were conducted at IAAk (-200 # F) in GNj, in room temperature air, and in air at 
450K (350°F) . A strain rate of 0.005 mm/mm/minute was used on all specimens 
until the material yield stress was obtained. (Yield stress is defined at 0.21 
offset in 50.8 mm (2.0 in.).) A strain rate of 0.10 mm/mm/minute was then used 
for the remaining portion of the loading until failure. A total of 36 specimens 
were tested. 
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3*3-2 Static Fracture Tests 

Static fracture tests were conducted on 10 SF and 18 SENT specimens. Both 
types of fracture specimens were tested at H*4K (-200®F) in GN 2 , in room 
temperature air, and in air at 450K (350 # F) . Each specimen was loaded at a 
rate to cause failure in one to two minutes. The SF specimens were instru- 
mented with pressure cups as described in Section 3-2 to determine if and when 
breakthrough occurred prior to failure. A typical plot of load vs. pressure 
is shown in Figure 16. Each SENT specimen was instrumented with crack pro- 
pagation gages (CPG) described in Section 3>2. Data from these gages were used 
to determine the critical flaw size and critical failure load. A plot of 
load vs. CPG output is shown in Figure 17. 

SF specimens were instrumented with a clip gage as shown in Figure 15 to deter- 
mine crack opening displacements (COD). The clip gage was spring loaded against 
knife edges integrally machined into or spot welded to the specimen. An expres- 
sion for the opening displacements of a completely embedded flaw has been pro- 
vided by Green and Sneddon (Reference 8). Their study examined a flaw embedded 
in an elastic solid which was subjected to a uniform load normal to the crack 
surface at infinity. The maximum opening displacement occurs at the diametri- 
cal center of the crack and is expressed by the equation, 

COD = s - di 22 . 

E f 

Although a rigorous solution is not available for flaw opening displacements for 
a semi-elliptical surface flaw, such displacements should also be proportional 
to a and a/3> for elastic materials. By following Irwin's procedure (Reference 
9) to account for the effect of plastic yielding, the COD for a surface flaw can 
be approximated by 



where C is a constant. COD measurements were not directly used in analysis of 
SF static fracture data, however, these measurements were made so that, if 
necessary, they could be used to supplement COD/flaw size correlations on the 
cyclic tests. 
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SENT specimens were also instrumented to determine uOD. These measurements 
were helpful in estimating the critical flaw size in tests where the sub- 
critical crack growth extended beyond the range of the CPG. The manner in 
which this was done is described in Section 2. 2. 


3-3-3 Constant Amplitude, Constant Temperature 
Cyclic Base Line Tests 


Base line cyclic tests were conducted on 12 SF and 26 SENT specimens. These 
tests were conducted in order to produce crack growth rate data whi«.h could 
be correlated with crack growth rate data generated under the thermal/load 
spectrum. The tests were conducted in room temperature air at a stress ratio, 
R, of zero and in air at A50K (350°F) at R = 0.5 for all but two of the SENT 
specimens. These two tests were conducted in room temperature air at R = 0.5 
and at 1*50K (350°F) at R = 0. A sinusoidal loading profile was used and the 
test frequency was 1 Hz (60 cpm) for all tests except for the suslic tests 
described in Section 14.3*2. 


SF specimens were tested both in the low elastic range (o/o = 0.50) and near 

the plastic range (a/a s = 0.85). Specimens were tested in a manner so that for 

each specimen tested at room temperature, there was a corresponding specimen 

tested at elevated temperature. The purpose of setting up tests in this manner 

was so that the results could be more easily correlated to the thermal profile 

tests. The cyclic stresses for room temperature and elevated temperature tests 

were such that the ratio a at elevated temperature/a at room temperature 

max max 

was constant for corresponding specimens of each temper. In most cases specimens 
were cycled until breakthrough occurred. 


SENT spec'men tests were planned in a manner similar to that of the SF tests. 

Because of net stress limitations, it was not possible to test at gross stress 

levels of 0.50 and 0 . 85 0 • However, as in the SF tests, loads were chosen so 

that the ratio a at elevated temperature/a at room temperature was constant 
max max 

for corresponding specimens of each temper. Final crack lengths of each test 

were limited by the criterion that a /a *" 0.8. 

net ys — 

SF specimens utilized pressure cups to determine breakthrough as in the static 
fracture tests. SENT specimens were instrumented with CPG's in order to monitor 
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crack growth during the tests. The crack length was also monitored visually 
on SENT tests at appropriate intervals. 

SF cyclic specimens were instrumented with the clip gages described in Section 
3-3-2 to determine COD during cycling tests. The COD measurements were used 
to calculate Instantaneous growth rates by using the following approach. The 
crack opening displacement constant, C, can be determined at test initiation 
and termination from knowledge of the stress level, initial and final flaw 
sizes, and the corresponding flaw opening d isplacements as indicated belc 



where the subscripts i and f refer to initial and final conditions, respect- 
ively. Tests have shown that for relatively deep flaws in the tougher materials 
the value of C tends to increase with increasing crack size, rather than remain 
constant. Crack growth rate calculations in this report were based on an 
assumed linear variation in C between the known initial and final values. 

Ir. order to relate the flaw parameter (a/>^) to 5 for values of a/i/Q) between 
the initial and final values an assumption must be made as to the manner in 
which the flaw shape changes from 

a - a . 2c - (2c) . 

a f - a. - (2c) f - (2c) . 

i.e., both flaw depth and width growth simultaneously reach the same percentage 
of their respective total growth from initial to final values. The flaw shape 
parameter, Q, can now be determined as a function of flaw dep'h and, in turn, 

COD can be related to crack depth. Th« number of cycles, N, corresponding to 
each selected flaw depth value can be determined from the test record and, con- 
sequently, the change in N for each increment of flaw depth is known. The crack 
growth rate da/dN can then be calculated. 

SENT specimens were also instrumented to determine COD during cycling. These 
COD measurements were used to substantiate visual and CPG measurements. 
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3.3.4 Thermal Profile Tests 

Thermal profile spectrum tests in which stress level changes were combined 
with variations in temperature were scheduled for 6 SF and 9 SENT specimens. 

In addition, one SENT specimen was sustain loaded for 2 hours at 450K (350°F) 
and subsequently cycled at RT. A diagram of the basic spectrum used for the 
thermal/load profile tests is shown in Figure 1. It is a simplified version 
of the thermo l /load profile that a shuttle structure might see during a 
typical flight. The spectrum was kept as simple as possible to insure that 
the thermal profile tests could be easily compared with the constant temperature, 
constant amplitude cyclic tests. 

The max. mum cyclic loads at room temperature (RT) and at elevated temperature 
(ET ) for most of the thermal profile tests were chosen so that the ratio 

°RT = q ET 

a @ RT a § ET 
ys ys 

for each temper. For a given crack length, this kept 

the ratio K/o^ constant. Since the calculated plastic yield zone size, 2r^, 
at the crack tip is a function of this ratio (e.g., see Reference 10), this was 
done in an attempt to remove 2r^as another test variable. 

For all but one thermal profile test, the room temperature cycles were applied 
at R - zero and the elevated temperature cycles were applied at R * 0.5 as in 
the constant temperature, constant amplitude base line tests. During these 
parts of the profile, the test frequency was 1 Hz (60 cpm) and the waveform 
was sinusoidal. One specimen was tested at R * zero during the high temperature 
part of the spectrum. 

Because of the complexities of the heating and cooling apparatus, it was not 
possible to instrument the SF specimens with pressure cups. Nor. was it pos- 
sible to instrument the smaller SENT specimens with CPG's to monitor crack growth. 
Breakthrough on the SF specimens and crack length extension on the smaller SENT 
specimens were observed visually. The larger SENT specimens were equipped with 
CPG's. 

SF thermal profile specimens were instrumented with clip gages to determine COD. 
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This data was used as described in Section 3*3*2 with the following exception. 
Because of large variations in the readings caused by large temperature 
changes, it was necessary to take COD measurements at the same arbitrary point 
in each spectrum. This method proved adequate in relating COD behavior to 
flaw growth. 

SENT specimens were also instrumented for COD measurements. These data were 
helpful in supplementing visual and CPG measurements of crack growth. 

3.4 STRESS INTENSITY SOLUTIONS 

3-4.1 Surface Flaw Specimens 

Where stress intensity values are reported, they were based on the Irwin 
equation (Reference 9) modified with the empirical deep flaw magnification 
factor developed in Reference 2. The resulting equation is as follows. 

K, * 1-95 o( ) ,/2 

where K ( ■ surface flaw stress intensity 

o * applied gross area stress 
a * flaw depth in a surface flaw specimen 
Q = shape parameter 

* deep flaw magni f icat ion factor. 

Values of Q. and are shown in Figures 18 and 19, respectively. 

3-4.2 Single Edge Notch Tension Specimens 

Where stress intensity values are reported, they were calculated using the 
following solution from Reference 11: 

K = c?a ,/2 I1.99 - 0.41 ( J 1 + 18.70 ( | ) 2 - 38.48 ( J ) 3 + 53*85 ( J )*] 

or K * oa^ 2 Y 

where K * single edge notch tension stress intensity 

a * applied gross area str«_..s 
a = flaw length in a single edge notch specimen 
w * specimen width 
Y ■ polynomial function of a and w. 

Values of Y are shown in Figure 20. 
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For static fracture tests two methods were used to calculate the stress 

intensity at fracture. The resultant values are referred to as and K cr> 

K ru values were calculated using the maximum applied stress, a , and the 

initial flaw length, a.. values were calculated using the critical flaw 

size, a , and the critical stress level, a . These latter values, a and 
cr Ci c * 

a were determined using resistance curve methods as described in References 
cr 

12 and 13 - 
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4.0 TEST RESULTS AND ANALYSIS 
<) A.l MECHANICAL PROPERTIES 




Tensile properties of the two tenpers of 2219 aluminum alloy used ir the 
program are shown in Tables A, 5 and 6. Tests of both tempers were con- 
ducted in gaseous nitrogen at 1AAK (-200*F), in room temperature air, and 
in air at A50K (350“F) . Tests were conducted on the -T85I temper in the 
6.35 ran (0.250 In.) thickness and on the -T87 temper in thicknesses of 6.35 
ran (0.250 in.) and 3-18 mm (0.125 in.). 

Room temperature strength levels were well above the values required by 
Military Specification MII-A-8920A and the corresponding Boeing Specifica- 
tion BMS 7~ 1 05C . Strength levels are plotted as a function of temperature 
in Figure 21. The shapes of the curves connecting the datum points were 
determined by comparing the test data with strength vs. temperature curves 
in MIL-Handbook 5- As would be expected, strength levels of the -T87 
temper are higher than those of the -T851 temper. 
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A. 2 STATIC FRACTURE TESTS 

A. 2.1 Surface Flaw Specimens 

Static fracture SF data are tabulated in Table 7- Plots of failure stress, 
0, vs. flaw size, a/Q, are shown in Figures 22 and 23 for the -T851 and -T87 
tempers, respectively. One point, from specimen 87-SF-3, did not appear to 
be truly representative of the material, so it is not shown in Figure 23- 
Instead, the datum point from a replicate test, 87-SF-7 is shown. All of the 
static fracture specimens failed before breakthrough occurred. 

In Figures 22 and 23 straight line failure loci have be-n constructed con- 
necting the test points to points at which unflawed specimens would exhibit 
ultimate tensile failure. Recently, Bixler has demonstrated that such a 
straight line relationship can be applied to data when the failure stress is 
above 90$ of the yield stress (Reference lA). Bixler examined test results 
from aluminum, nickel base steel, and titanium alloys. The equation which 
describes this relationship is of the following form: 


preceding 


page blank not nun® 
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where * ultimate tensile strength 

A « a constant dependent on material properties 
t « specimen thickness 

m * an exponent ranging from ~0.6 to 0.76 
a = flaw depth 
Q * shape parameter 

Examination of Figures 22 and 23 shows that the failure loci become more 
horizontal on the plots with an increase in temperature. Indeed, for the 
3.18 mm (0.125 in.) -T87 specimen tested at 450K (350*F) the failure stress 
actually occurred at a stress level slightly above the average ultimate 
strength level determined in the mechanical properties tests. This type of 
behavior indicates that for the flaw sizes and high failure stresses ex- 
perienced by these tests, the failure stress of the specimen becomes less 
sensitive to the existence of the flaw as the temperature increases. 

Specimens of the -T85I temper failed at lower stress levels than did com- 
parable specimens of the -T87 temper. Since the failure stress is a func- 
tion of relative ultimate tensile strength, this type of behavior would be 
expected . 

4.2.2 Single Edge Notch Tension Specimens 

Data from the 6.35 mm (0.250 in.) 22 1 9-T85 1 SENT tests are reported in Table 
8. Data from the 6-35 mm (0.250 in.) and 3-18 mm (0.125 in.) 2219-T87 spec- 
imens are reported in Tables 9 and 10, respectively. Two stress intensity 

values are reported for each test, K and K K is defined as the stress 

IN cr IN 

intensity calculated using the maximum applied stress, a , and the initial 

flaw length, a.. The critical stress intensity, K , was calculated from 

the critical stress level, a cr and the corresponding critical crack length, 

a . These values of o and a were determined using resistance curve 
cr cr cr * 

methods described in References 12 and 13- 
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Each SENT specimen was instrumented with crack propagation gages as de- 
scribed in Section 3*2. These gages provided a means of obtaining an output 
of applied load vs. estimated crack length for the specimens during the 
fracture tests. An example curve for specimen 87-2 is shown in Figure 17- 
Example c rack growth resistance curves (K r vs. a) are plotted for the 6.35 
mm (0.250 in.) 2219“T87 specimens in Figure 24. Stress intensity curves 
(K vs. a) for each test are plotted on tt.c >ame figure. K cr is defined as 
the point at which the K R curve is tangent to a K curve. 

Finding the tangency point of the K and K R curves requires the construction 
of K curves at several stress levels. However, a more simplified approach 
was found to be successful for these tests. Examination of the load vs. CPG 
curve in Figure 17 will show two points marked "A" and "B". These points 
correspond to the two points marked "A" and "B" on the curve in Figure 24. 
Point "A" is the point at which the maximum stress level is reached. Examina 
tion of Figure 24 and corresponding CPG curves shows that this relationship 
is also true for other tests plotted on Figure 24. This relationship was 
noted to hold for the other twelve tests also. 

A critical crack length could not be determined for Specimen 851-4, tested at 

room temperature because the failure load was just beyond the maximum load 

range on the load vs. CPG curve- Specimens tested at 450K (350®F) exhibited 

subcritical flaw growth which extended further than the 39-6 mm (I .56 in.) 

gage length of the CPG's. Thus, for the first two specimens tested at this 

temperature (Specimens 85 I -6 and 87“6) critical crack lengths could not be 

determined directly from the CPG traces. However, critical flaw sizes were 

estimated from COD data. All other specimens subsequently tested at 450K 

(350°F) were instrumented with two CPG's in order to measure the large amount 

of subcritical flaw growth inherent in the tests at this higher temperature. 

Tables 8 , 9 and 10 show values of c ,/o at K_.. and at K . The values of 

net ys CN cr 

a /o at K.,, were determined from the maximum applied stress level and the 
net ys CN 

initial crack length, a.. Values of ? ,/rt at K were calculated using 
3 1 net ys cr 

the maximum applied stress level and the critical crack length, a^. Using 

the above methods, it was found that 0 /o exceedeJ 0.8 for all of the K ru 

net ys CN 
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values except the 144 k (-2Q0*F) and room temperature tests on the -T87 temper. 

For the K values a /a exceeded 0.8 for all tests, 
cr net ys 

K rM and K values are plotted vs. temperature in Figures 25 and 26, respect- 

CN C f 

ively. Average values are summarized in the table below: 




T E 

ST TEMP 

E R A T U R E 1 

TEMPER 

STRESS INTENSITY 

144 (~200*F) 

RT 

^50K (350°F) ; 

-T851 

K rr , MN/m 3/2 (ksi/Tn) 

126 (115) 

126 ( 115 ) 

199 081) 

K rM . MN/m 3/z (ksi/Fn) 

97 C88) 

97 (88) 

121 (110) 

-T87 

K rr , MN/m J/ *(ksi/in) 

106 (96) 

106 (96) 

184 (167) 

K rkI , MN/m- ,/Z (ksi/Tn) 

WD . 

86 (78) 

86 (78) 

110 (100) 


The -T87 temper did not appear to show any significant difference in stress 
intensity values for the two thicknesses (6.35 mm (0.250 in.) and 3-18 mm 
(0.125 in.)) which were tested. For both tempers, the K and K rkl values 

C r LN 

remain constant at 144k (-200°F) and room temperature and increase as the 
temperature is raised to 450K (350"F). The higher toughness values exhibited 
by the lower strength -T851 temper (vs. those of the -T87 temper) demonstrate 
that the SENT fracture tests were toi ghness controlled regardless of the 
inherent high net section stresses. 

1*. 3 CONSTANT TEMPERATURE, CONSTANT AMPLITUDE CYCLIC BASE LINE TESTS 

4.3-1 Surface Flaw Specimens 

Test parameters for the 22 1 9 - T8 5 1 SF tests are reported in Table 11. The 
2219-T87 SF tests are reported in Tables 12 and 13- Maximum stress intensity 
vs. crack growth rate curves for the 221 9-T85 1 room temperature and 450K (305°F) 
tests are plotted in Figures 27 and 28. respectively. Similar data for the 
22 1 9~T87 room temperature tests are plotted in Figure 29 and data for the 
elevated temperature tests are plotted in Figure 30. A summary plot of all SF 
tests is shown in Figure 31- 
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Figures 27 and 28 show fairly tight data bands for the -T85I temper. The 
-T87 data exhibits greater scatter, especially in the thicker gage specimers, 
as shown in Figures 29 and 30. There do not appear to be significant stress 
level effects, although, if such effects existed they may be masked by data 
scatter in the -T87 tests. Figure 3* shows that the room temperature crack 
growth rates are about the same for both tempers for a given thickness. Crack 
growth rates in the T 87 temper appear to be slightly faster than those of the 
-T 85 I temper at elevated temperature. This difference is or the order of 
about twice as fast. It also can be seen that the 3-18 mm (0.125 in.) -787 
specimens appear to grow at a slightly faster crack growth rate than the 
6.35 mm (0.250 in.) specimens at room temperature. Figure 32 shews the room 
temperature data generated on this program compared with an extensive body 
of 2219-T87 data compiled in Reference 15- 

Forman, Kearney and Engle (Reference 16) have proposed a fatigue crack pro- 
pagation model of the form: 


C(AK)" 




da/dN = 10' - r')k 1e '-'TkT 

where: 

da/dN = 

fatigue crack growth rate 


AK = 

cyclic stress intensity range 


K lt = 

critical stress intensity 


R = 

stress ■ at io 


C ,n = 

empirically determined constants 


An attempt was made to fit this equation to the SF crack growth rate data 
generated on this program. Figures 33 and 3^ show this equation fitted to 
room temperature SF 22 1 9~T85 3 and 22 1 9~T87 data, respectively. In Figure 33, 
K|£ was estimated from the approximate stress intensity at failure of specimen 
85 I-SF-C 6 (this specimen was cycled to failure under thermal profile loading). 
In Figure 3**, for the T87 temper, The K^ value was taken from Reference 15- 
Examination of these two figures shows that the equation of Forman et al , can 
be made to fit the data fairly well. No attempt was made to fit the equation 
to crack growth rate data generated at elevated temperature because of the 
lack of K|g data. 
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4.3-2 Single Edge Notch Tension Specimens 

Test parameters for the 2219-T851 SENT tests are tabulated in Table 14. 

Data for the 22 1 9~T87 tests are in Tables 15 and 16. Typical f’aw length 
vs. cycles plots are shown in Figures 35 and 36 for a room temperature 
test and for a test at 450K (350* F ) , respectively. During cycling, crack 
length measurements were made visually and with the use of crack propagation 
gages as described in Section 3-2. Agreement between CFG measurements and 
visual measurements on room temperature tests was excellent as shown by the 
example in Figure 35- Agreement between CPG measurements and visual measure* 
ments on 450K (350°F) tests was not as good (see Figure 36), however, the 
CPG measurements still produced data which were more than adequate tor deter- 
mining crack growth rates. 

Crack growth rates for the 22 1 9~ T85 1 SENT room temperature and 450K (350°F) 
tests are shown in Figures 37 and 3b, respectively. Data from 6.35 mm (0.250 
in.) 22 1 9-T87 SENT room temperature and elevated temperature tests are shown 
in Figures 39 and 40. The 3-18 mm (0.125 in.) - T87 results are shown in 
Figures 41 and 42. Summary plots of all the data are shown in Figure 43. 

Examination of Figures 37 through 42 shows that at a given stress intensity 
crack growth rate is not influenced by variations in maximum stress level and/ 
or specimen size. Scatter bands on the summary plot of Figure 43 show that at 
room temperature and R = 0, the three temper/th ickness combinations exhibit 
nearly equal growth rates. At elevated temperature and R * 0.5 there appears 
to be no thickness effect on the -T 87 tests. However, a comparison between 
the two tempers shows that for most of the data, cracks in the -T 87 temper 
grow at a rate about two times faster than those in the -T851 temper. This 
difference in crack growth rates at elevated temperature was also observed in 
the surface flaw tests. 

All but one of the room temperature tests were conducted at a stress ratio, R, 
of zero. All but one of the elevated temperature tests were conducted at 
R * 0.5. In order to determine temperature effects at a given stress ratio 
(and likewise, stress ratio effects at a given temperature), one room tem- 
perature tests was conducted at R * 0.5 and one elevated temperature test was 
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conducted at R * zero. Additionally, three specimens were tested under a 
sustained load cyclic (suslic) loading profile. Effects of variations in 
stress ratio, test temperature and loading profile are discussed below. 
Illustrations are shown in Figures 44 through 48. 

The effect of varying the stress ratio on crack growth rate at a constant 
test temperature is illustrated in Figures 44 and 1*5- Figure 44 shows 
scatter bands of crack growth rates for room temperature tests at R = 0 for 
the three temper/thickness combinations tested. For comparison, one specimen 
(87 ~C 12) was tested at room temperature and R = 0-5- Datum points for this 
specimen are also shown in Figure 44 . This figure shows that at room tem- 
perature the crack growth rate at R = 0 is on the order of 2 to A times as 
fast as the crack growth rate at R = 0-5 for the three temper/th ickness com- 
binations tested. Figure 4 5 shows the scatter band of crack growth rates 
for elevated temperature tests on the -T 85 I temper tested at R = 0-5- For 
comparison, one specimen (8 5 * ~C 1 2 ) was tested at elevated temperature and 
R = 0. Datum points for this specimen are also shown in Figure 45- This 
figure shows that at elevated temperature the crack growth rate at R = 0 is 
on the order of 3 to 10 times as fast as the crack growth rate at R = 0-5 
for the -T 85 I temper. 


The effect of varying the test temperature on crack growth rates at a con- 
stant stress ratio is illustrated in Figures 46 and 47. Figure 46 shows the 
scatter band of crack growth rates for room temperature tests on the -T851 
temper at R * t. The specimen (851 ~C 1 2 ) tested at elevated temperature and 
R = 0 is also plotted for comparison. Figure 46 shows that for the 221 9~T85 1 
alloy tested at R = 0, raising the test temperature from room temperature to 
450K (350°F) has the following effect on the cyclic growth rates: 

"i/2 

I) at low stress i ntens i t ies, 20 MN/nr' (18 ksi/fn) ' K 

■j/2 , n 

• 33 MN/m (30 ksirin), crack growth rates at 450K 

(350°F) are about 2-3 times those at RT. 


max 


O/O ___ 

2) at intermediate stress intensities, 33 MN/nr (30 ks i ►Tn) 
< K x < 44 MN/m^^ (40 ksi/frT), crack growth rates at 450K 
(350°F) are up to twice the growth rates at RT. 
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3 ) at high stress intensity, K > 44 MN/m ^ 2 (40 ksi/Tn), 
there appears to be no temperature effect on crack growth 
rates . 

Figure 47 further illustrates the effect of test temperature on crack growth 
rates. Scatter bands of crack growth rates for elevated temperature tests on 
the -T87 temper tested at R = 0.5 are plotted in this figure. Datum points 
from the -T87 specimen (87~C 1 2) tested at room temperature and R « 0.5 are 
also plotted in this figure for comparison. Figure 47 shows that for the 
2219-T87 alloy tested at R = 0.5, raising the test temperature from room tem- 
perature to 450K (350°F) has the following effect on the cyclic crack growth 
rates : 


1) 

2 ) 

3) 


at low stress intensities, 25 MN /m ^ 2 (23 ksi/Tn) < K 03 

MN/nr (30 ksi/Tn), growth rates at 450K (350°F) are about 
I 1/2 to about 3 times those at RT. 

at intermediate stress intensities, 33 MN/nr' (30 ksi/Tn) 

44 MN/m ^ 2 (40 ksi^in), growth rates at 450K (350°F) 


max 


are about the same as or as fast as 2 times those at RT. 
at high stress intensity, K >44 MN/m ^ 2 (40 ksi/Tn), 


max 


there appears to be no temperature effect on growth rates. 


The small effects of elevated temperature on crack growth rates reported here 
have also been seen in other 2219 data (e.g , References 17 and 18). 


Three specimens were subjected to suslic loading. These specimens, 85 1 _ C 5 and 
-C7, and 8 7 - C 7 were reported in Figures 38 and 40. After being fatigue cycled 
in the normal manner with a sinusoidal loading profile at 1 Hz (80 cpm) , each 
specimen was fatigue marked at a lower cyclic stress level in room temperature 
air. Each specimen was then subjected to 30 sustained load (suslic) cycles. 

This loading was conducted at a stress ratio of 0.5 and the specimens were 
held at the maximum load for 2 minutes during each cycle. Examination of crack 
opening displacement (COD) records indicates that crack growth probably occurred 
continuously during each hold time. After undergoing suslic loading, each 
specimen was fatigue marked at a lower stress in room temperature air and the 
original test was continued. Average crack growth rates were calculated for 
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these tests and they are plotted as solid points in Figure 48. Base line 
crack growth rate bands for the 1 Hz (60 cpm) sinusoidal loading profile 
are also reported in Figure 48. The limited amount of data shown here indi- 
cates that the suslic crack growth rates are 10 to 15 times the rates of the 
I Hz (60 cpm) data. 

The room temperature SENT cyclic crack growth rate data from this program 
are compared with room temperature 2219-T851 through-the-thickness cyclic 
crack growth rate data generated by Grumman in the program in Reference 19. 

The Grumman data were generated at stress ratios of +0, +0.05 and +0.1. 

Figure 49 shows that the Being data compare very well with the data generated 
by Grumman. 

Comparison of the summary plots on Figures 3 land 43 shows that at a given K 
value, a crack in a SENT specimen grows at a faster crack growth rate than 
does a crack in a SF specimen. (Note the shift in the abscissa between Fig- 
ures 31 and 43.) This difference was also seen in Reference 6 and is attrib- 
uted to the different propagation directions, TL for the SENT tests and TS 
for the SF tests. 

An attempt was made to fit the equation of Forman, et al (Reference 16) to 
the SENT crack growth rate data generated on this program. K^ N values used 
were determined from the SENT static fracture test results. Figures 50 and 
51 show Forman's equation fitted to 22 1 9-T85 1 crack growth rate data gen- 
erated at room temperature and 450K (350°F) , respectively. Figure 50 shows 
a very good fit for the 22 1 9-T85 1 room temperature crack data generated at 
R =* 0. In Figure 51. Forman's equation was fitted to the body of 221 9-T85 1 
SENT crack growth data generated at 450K (350°F) and R = 0-5- An R value of 
zero was substituted into the resulting equation and the locus of crack growth 
rates for this condition is also plotted. Data from specimen 851-C12, tested 
at 450K (350°F) and R = 0 are also plotted on Figure 51. Both sets of data, 
at R «* 0.5 and R = 0, fit Forman's equation very well. Figures 52 and 53 show 
Forman's equation fitted to room temperature and 450K (350°F) 221 9-T87 crack 
growth data. The room temperature 22 1 9-T87 data generated at R = 0 also show 
a good fit to Forman's equation as shown in Figure 52. An R value of 0.5 was 
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also substituted into the equation for the room temperature -T87 data and 
it is plotted in Figure 52 along with data from specimen 87~C12 which was 
tested at R = 0.5- The data from specimen 87“C12 match the fitted curve of 
crack growth rates within a factor of two. The elevated temperature -T 87 
data matched the equation quite well as shown in Figure 53- 

k.k THERMAL PROFILE TESTS 


Surface flaw and single edge notch tension specimens were subjected to a com* 
bination of changing loads and temperatures. The basic spectrum utilized for 
most tests is shown in Figure 1. Minor changes were made in this basic spec- 
trum test for some of the tests. The results and discussions of all of the 
thermal profile tests are presented below. 

A.A.l Surface Flaw Specimens 


All SF specimens were subjected to the basic spectrum shown in Figure 1. As 

krt 

described in Section 3-3.**, loads were chosen so that the ratio 


k ET 


V e KT 


a @ ET 
ys c 


was utilized on each specimen. 


Crack growth rate data from the 221 9-T85 1 surface flaw tests are plotted in 
Figure 5^ and listed in Table 17- Figure 5^ shows the data presented In 
terms of the crack growth rate, da/d Flight, vs. the maximum applied stress 
intensity at the room temperature part of the flight, K| max § RT. 


A predicted growth rate band is also shown in Figure 5^- The prediction is 
based upon a linear cumulative damage approach, utilising the base line data 
shown previously in Figure 31- Each 'light contained 100 cycles at RT, 100 
cycles at ET, a short period at zero load and cryogenic temperature and one 
sustained load cycle at ET of aoproximatel y two minutes duration. In the pre- 
diction, cyclic growth rates were taken at the appropriate K| values and the 
sustained load growth rate was taken to be 10 times the elevated teperature 
cyclic crack growth rate at the appropriate K value. The total relative damage 
which occurred was about 1-3% due to the elevated temperature sustained loading; 
about 10-25% due to the elevated temperature cyclic load; and the remainder 
due to the room temperature cyclic load. It was assumed that no damage 
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occurred during the cryogenic part of each flight. The growth rates were 
added to produce the scatter band in Figure SA. It can be seen that the 
experimental thermal profile crack growth rate data falls with’" this band. 


Similar results were observed in the SF tests on rhe -T87 temper. Figure 55 
shows a plot of da/dF light vs. K| max @ RT for both thicknesses (6.35 mm (0.250 
in.) and 3-18 mm (0.125 in.)) of the -T37 temper. A scatter band of expected 
crack growth rates was constructed from base line dr, ta ! n Figure 31 in the 
same manner as was done from the -T 85 I base line data. The -T 87 crack growth 

data in Figure 55 generally falls within this boundary. The -T87 crack growth 
data are listed in Table 18. 


Net section stresses for the -T851 and -T 87 specimens were on the order of 53% 
to 97% of yield strength. 


4. A. 2 Single Edge Notch Tension Specimens 


Crack growth rate data from the 2219-T851 single edge notch tension tests are 

plotted in Figure 56 in terms of da/dF! iah. vs. K § RT. A scatter band of 

max 

expected crack growth rates was constructed from base line da/dN rates found 
in Figure A 3 in the same manner as described in Section A.A.l. This scatter 
band is plotted in Figure 56 along with the data from the thermal profile tests. 
Two of the three -T 85 I specimens were tested under the basic thermal profile 
spectrum of Figure 1. The third specimen 85 1 ~C 1 0 , was subjected to thermal 
profile flights which differed in that the 100 cycles at elevated temperature 
on each flight were applied with a stress ratio of zero instead of 0.5- 
Examination of Figure 58 shows that all three of the specimens demonstrated 
some retardation in crack growth rates. 


Specimen 85 1 ~ C 1 0 demonstrates retarded crack growth rates even though the 

high temperature cycles were applied at a lower stress ratio than that for 

which the scatter band was calculated. The highest amount of retardation 

occurred in Specimen 85 l ”C 11. This specimen was wider than the other two 

specimens (305 mm (12 in.) vs. 76 mm (3 in.)), and it was subjected to lower 

net section stresses than the other two specimens. (0 /a = 0.29 to 

net ys 

0.31 vs. 0/0= O.AA to Q.8A as shown in Table 19- 
net ys 
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A. : ter having been subjected to 73 thermal profile flights, specimen 851-CU 
was cycled at RT and constant amplitude at R ■ 0. The maximum * tress level 
used was the same as that applied during the RT portion of each thermal pro- 
file flight. Crack growth rate, da/dN, data from this test are compared with 
base line da/dN data in Figure 57* It can easily be seen that the room tem- 
perature cyclic growth rates were retarded by the previous thermal profile 
flights. This specimen was cycled under constant amplitude, constant tempera- 
ture loading from a crack length of 80.8 mm (3.18 In.) to 95 - 8 mm (3.77 in.). 
Retardation occurred over this entire distance (15 mm (0.59 In.)) althrough, 
the amount of retardation decreased as the crack extended. The fact that 
retardation should be apparent over such a long distance is somewhat sut pris- 
ing especially since the estimated plastic zone size, 2r^, produced during 

the thermal profile test was on the order of 2.5 mm (0.10 in.). (This piastic 

, K 

zone size was calculated by the equation, r y * 57 ( ~o~ ' suggested ir 
Reference 10.) yS 



The crack growth behavior of che -T87 temper was quite similar to that of 
the -7851 temper. The 6.35 nm (0.250 in.) and 3*18 mm (0.125 'n.' “37 

data are listed in Tables 20 and 21, respectively. Crack grow^i. u-i for 
both thicknesses are plotted in terms of da/dFlight vs. K x & RT in Figure 
58. The scatter band for predicted crack growth rates was generated from 
the base line da/dN data in Figure A3 as described above. This predicted 
band is also plotted on Figure 58 along with the actual thermal profile test 
datum points. 

Three specimens were tested in each thickness for the -T 87 temper. Two of 
the 6.35 mm (0.250 in.) specimens ( 87 -CIO and 87 -Cll) ano one of the 3-18 
mm (0.125 in.) specimens (87-C23) were tested under the basic spectrum of 
Figure 1. The third 6.35 mm (0.250 in.) specimen ( 87 -C 9 ) was tested under 
the basic spectrum, but the maximum temperature used during the elevated 
temperature portion of the spectrum was 39AK (250°F) rather than 450K (350® F) . 
One of the remaining 3-18 mm (0.125 in.) specimens (87-C21) was subjected 
to a maximum temperature of A22K (300°F) during the elevated temperature por- 
tion of the spectrum. The third 3. 18 mm (0.125 ih.) specimen (87-C24) was 
subjected to a modified spectrum in which there was no sustained load at 
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elevated temperature and the maximum stress at elevated temperature was 
lowered so that » 0-5 Oy S 9 ET/o 8 RT. 

Figure 58 shows that all of the specimens tested exhibited at least some 
retardation in crack growth rates- There appears to be no thicknes* effect 
on growth rates. However, as in the -T85I tests, there does appear to be a 
specimen width and/or a net section stress effect. Specimens 87-C9, 87-C10 
and 8 7 -C2! were 78 mm (3 in.) wide and showed less retardation in their crack 
growth rates than did specimens 87-C11, 87-C23 and 87"C2A which were 305 mm 
(12 in.) wide. The 78 mm (3 in.) wide specimens were subjected to net section 
stresses on the order of k2% to 802 of the yield stress and the 305 mm (12 in.l 
wide specimens were subjected to net section stresses on the order of 272 to 
312 of yield. Lowering the test temperature at the elevated temperature 
portion of the spectrum from A50K (350*F) to 39*»K (250*F) did not appear to 
have any substantial impact on the crack growth rates. Furthermore, removing 
the sustained portion of the spectrum at elevated temperature and lowering 
the maximum stress at elevated temperature did not appear to remove retarda- 
tion effects. Lowering the stress level at elevated temperature would also 
slightly lower the crack growth rate, da/dFlight, however, not to the extent that 
was experienced by specimen 87~C24. 


| 



lr. order to further investigate the observations of retardation, additional 

testing was performed on several -T87 SENT specimens. Specimen 87~CI1 was 

cycled at RT under constant amplitude at R - 0 after having been subjected to 

58 thermal profile flights. The maximum stress level used in the RT test 

was the same as that applied during the RT portion of each thermal profile 

flight. The resultant* crack growth data are shown on a da/dN vs. K plot 

max 

along with base line data in Figure 59* These crack growth data (shown as 
square points on the plot) demonstrate behavior similar to that shown by 
specimen 85 1 _ C 1 1 discussed earlier. Retardation in the cyclic crack growth 
rate was very apparent at the beginning of the test, however, as the crack 
grew from a length of 82.6 mm (3-25 in.) to a length of 97.8 mm (3*85 in.) 
the growth rates eventually matched those of the base line tests. A further 
illustration of this retardation in crack growth rates is shown in Figure 60. 
This figure shows the crack length of specimen 87~CU plotted as a function 
of numbers of cycles. Data from base line specimen 87~C3 are also shown for 
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Figure 59 also contains crack growth rate dai points from specimen 87~C22. 

This specimen was sustain loaded at 450K (350*F) to a stress level comparable 
to that used for many of the thermal profile tests. The specimen was then 
cycled at RT and constant amplitude with R * 0. The maximum stress level for 

°RT 5 y« a RT 

the RT cyclic test was chosen so that, -* — % -■ = =■, as in the thermal pro- 

file spectrum tests. This specimen (87~C22) aYlo exhibited subsequent re- 
tardation in crack growth rates. Test parameters for specimen 87-C22 are 
tabulated in Table 22. 

For most of the thermal profile tests, the elevated temperature portion of 
each flight caused retardation of crack growth during the room t< /erature 
portion of the subsequent flights, (i-e., crack growth rates indicated that 
most of the cyclic crack growth occurred at elevated temperature during each 
flight). As a further check on this observation, one specimen (87~C23) was 
cycled at 450K (350°F) and constant ampli"ide with R = 0.5, after having 
been subjected to 46 thermal profile fli^nts. The maximum stress level used 
was the same as that applied during the ET portion of each thermal profile 
flight. The data are shown on a da/dN vs. K plot along with ET base line 
data in Figure 61. These data fall within the scatter band generated from 
the base line tests. 

4.4.3 Metallurgical Analysis 

The fracture faces of the base line cyclic and thermal profile specimens were 
examined after testing and the following observations were noted. Base line 
SF specimens generally exhibited flatter fracture faces than did the SENT 
specimen over the area where cyclic growth occurred. Room temperature and 
elevated temperature SF specimens were similar in appearance although the 
fracture faces of the ET specimens were slight'y cjlie- in appearance. SENT 
specimens tested at RT and ET also exhibited differences in fracture face 
brightness with most of the ET SENT specimen fracture faces being somewhat darker 
than the RT SENT specimen fracture faces. This darkness in the ET tests was 
probably due to rubbing and fretting on the fracture face. It was also 
noted that this apparent fretting on the RT SENT FRACTURE faces became 
visible at K levels around 27-5 MN/irr (25 ksi»in) and above. A very subtle 
difference between RT and ET SENT fracture face texture was also noted. SENT 
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specimens tested at ET exhibited more facets in their fracture faces than 
did those tested at RT. 

Examination of the fracture faces of thermal profile specimens showed that 
the SF specimens exhibited flatter fracture faces than the SENT specimens. 
Additionally the SENT specimen fracture faces were not as bright as those 
of the SF specimens. 

Two of the thermal profile specimens were also subjected to a closer examina- 
tion under an electron microscope. One SENT specimen ( 87 -Cll) and one SF 
specimen (87-SF-C6) were examined. Figures 62 and 63 show the regions from 
where replicas were taken on thse two specimens to produce the fractographs 
shown in the following figures. 

Figure 64 shows an electron fractograph from the precrack region of SENT 
specimen 87~C II. This region displayed typical fatigue striations. 

Figures 65 , 66 and 67 show electron fractographs from the thermal profile 
region of specimen 87 -Cll. In this region "tire tracks," typical in fatigue 
fractures, were frequently observed (Figure 65)- Fretting was suspected in 
this area of having rubbed out most of the fatigue striations. However, a 
couple of very small areas containing striations were noted (Figure 66). 
Isolated areas of elongated dimples were also observed (Figure 67). 

As described earlier, specimen 87~C11 was subjected to constant amplitude 
cycles at RT after having been subjected to 58 thermal profile flights. It 
was noted earlier in Section 4.4.2 that the constant amplitude growth rates 
demonstrated crack growth delay due to the previous thermal profile Flights. 
Figures 68, 69 and 70 are from the constant temperature, constant amplitude 
region where crack growth delay was apparent. Close to the interface between 
the thermal profile and constant amplitude regions fatigue striations were 
observed (Figure 68). Farther out from this interface (—0.64 mm (0.025 in.) 
from Figure 68) striations were still observed, but the striation spacing 
was much smaller (Figure 69). Still farther from the interface (—0.94 mm 
(0.037 in.) from Figure 68) what might be extremely small striations were 
observed. Much of the rest of the constant temperature, constant amplitude 
region of specimen 87~C11 was covered with flat, featureless areas where no 
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striations were seen (Figure 70). This topography is character ist ic of very 
low AK fatigue cycling in aluminum alloys where striation spacing is too small 
to be resolved. Figure 71 is a fractograph typical of the area farther along 
the constant temperature, constant amplitude region of specimen 87~Cli, where 
crack growth retardation was diminishing. 

The proceeding description of "normally" spacer: striations at the beginning 
of the post thermal profile delay region, followed at some small distance by 
finer and finer striations, and finally by larger and larger striations is 
typical of fractographic observations of delay regions following peak over- 
loads in fatigue spectra observed by others on through~the~thickness tests 
(e.g.. References 20 and 21). While there was no peak overload in this case 
the last 100 cycles at A50K (350®F) prior to RT cycling has had a delay effect 
similar to that of a peak overload. It should be noted that the "normal" 
flaw growth rates at the beginning of the delay region could not be detected 
by actual surface measurements or by COD measurements during the test- 

Figures 72 and 73 show fractographs from the thermal profile region of the 
surface flaw specimen, 87“SF-C6. (See Figure 63 for location.) Examination 
of the replica from this specimen revealed three principal differences between 
it and the replica from the thermal profile region of the SENT specimen, 87 - Cll. 

1. Fatigue striations were visible throughout much of the thermal 
region on the surface flaw specimen (Figure 72). In the SENT 
specimen visible fatigue striations were extremely rare. 

2. Areas of uninterrupted striations where more than 100 striations 
could be counted were observeo. Separating these groups 

was a large growth increment (Figure 72) which probably occurred 
during the single load application and hold where temperature 
increased from lkl»K (-200°F) to h50K (350°F). (See spectrum in 
Figure 1). The fractograph in Figure 72 indicates that the growth 
increment for this single load application and hold was about 10 
times as large as for each cycle of the other load applications 
applied at 1 Hz (60 cpm) . In contrast, crack grow*b in the SENT 
specimen during the RT portion of the thermal spectrum was 
apparently very minimal (based on macroscopic measurement only). 
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3. There was an abundance of an aclcular material in the thermal 
profile region of the surface flaw specimen (Figure 73)* 

These particles were not observed in the thermal profile 
region of the SENT specimen. 
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5-0 CONCLUSIONS 

The following conclusions are based on test results of surface flawed and 
single edge notch tension tests on 2219 aluminum alloy in T8$l and T87 
tempers. 


Static Fracture Behavior 

1. All surface flaw specimens tested exhibited failure stresses 
at or above the yield strengths of the materials. 


For single edge notch tension specimens, the stress intensity 
values at failure, and remain constart as the tempera- 
ture is increased from IMK (~200°F) to room temperature. As 
the temperature is increased further up to 450K (350°F), K 


cr 


and values increase substantially. 


Constant Temperature, Constant Amplitude Cyclic Flaw Growth Behavior 

1. At room temperature, 2219-T851 and 2219-T87 aluminum alloys 
exhibit the same cyclic crack growth rates at a given maximum 
cyclic stress intensity value for both surface flaw and single 
edge notch tension specimens. 

2. At A50K (350°F), 2219-T851 aluminum alloy has a slower cyclic 
crack growth rate at a given maximum cyclic stress intensity 
value than does 221 9 - T87 aluminum alloy for both surface flaw 
and single edge notch tension specimens. 

3 . Surface flaw 221 9-T85 1 and -T87 specimens (tested in the TS 
propagation direction) have slower cyclic crack growth rates 
than single edge notch tension specimens (tested in Tl pro- 
pagation direction). 

I*. Cyclic crack growth rates of 221 9-T85 1 and -T 87 surface flaw 
and single edge notch specimens, tested under the stresses and 
with the configurations used in this program are not affected 
by the maximum cyclic stress level, (i.e., They are K dependent.) 

5- Cyclic crack growth rates of single edge notch tension specimens 
are not affected by specimen size in the configurations tested 
in this program. 
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6. For all three temper/thickness combinations tested in the SENT 
configurations at room temperature, the crack growth rate at 

R ■ 0 is about 2 to 4 times the growth rate at R - 0.$. 

7. For the -T851 temper, tested in the SENT configuration at 
450K (350®F) , the crack growth rate at R = 0 is on the order 
of 3 to 10 times the crack growth rate at R = 0.5- 

8. For the -T851 temper tested in the SENT configuration at R * 0, 
varying the temperature from RT to 450K (350°F) has the follow- 
ing effect on cyclic crack growth rates. 


K 

max 

EFFECT ON 
GROWTH RATES 

20 MN/m^ /2 (18 ksi/T^) to 33 MN/m 3/2 <30 ksi/?^) 

2 to 3 times RT rates 

33 HN/m 3/2 (30 ksi/iTT) to 1*4 MN/m 3/2 (40 ksi/Tn) 

same as to 2 times RT rates 

Greater than 44 MN/m 3 ^ 2 (40 ksi/Tn) 

same as RT rates 


9. For the -T87 temper tested in the SENT configuration at R * 0-5, 
varying the temperature from RT to 450K (350°F) has the following 
effect on cyclic crack growth rates. 


K 

max 

EFFECT ON 
GROWTH RATES 

25 MN/m 3/2 (23 ksi/Tn) to 33 MN/m 3/2 (30 ksi/b0 

1-1/2 to 3 times RT rates 

33 MN/m 3/2 (30 ks i /Tn) to 44 MN/m 3/2 (40 ksi/iTT) 

same as to 2 times RT rates 

Greater than 44 MN/m 3/ ^ (40 ksi/Tn) 

same as RT rates 


10. For both the -T85' and -T87 temoers tested at 450K (350°F) and 
R = 0.5. holding the maximum stress for 2 minutes on each 
cycle produces growth rates on the order of 10 to 15 times 
those produced by 1.0 Hz (60 cpm) sinusoidal loading. 

Thermal Profile Flaw Growth Behavior 

1. The flaw growth behavior of surface flaw specimens can be successfully 
predicted by a cumulative damage approach. 

2. The flaw growth rates of single edge notch tension specimens 
were usually much slower than those which would be predicted 
by a cumulative damage approach. Crack growth retardation was 
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most pronounced for ET levels of k$0K (350 # F) but was still 
apparent for ET levels of 39**K (250*F). 

3. The flaw growth behavior of single edge notch tension specimens 

appears to be affected by specimen size and/or net section stress, 
with wider specimens subjected to net section stresses on the 
order of 27% to 31 % of o displaying more retardation in flaw 

ys 

growth behavior than smaller specimens subjected to net section 

stresses on the order of k2% to 8**% of n Note that these 

ys 

test variables did not affect constant temperature, constant 
amplitude cyclic flaw growth rates. 
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FIGURE 1; BASIC LOAD / THERMAL PROFILE SPECTRUM 
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FIGURE 2: TEN SILE SPECIMEN CONFIGURATION 






SLOT DETAIL 


FIGURE 4: 450K (+350F) SENT FRACTURE SPECIMENS 

44 

f 

i 





FIGURE 5: ROOM TEMPERATURE SENT FRACTURE SPECIMENS 
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A Static 
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FIGURE 6: 144K (-200F) SENT FRACTURE SPECIMENS AND 450°K (350°F) 
AND RT CYCLIC SPECIMENS 
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FIGURE 8: 6.35 mm (0.250 INCH) SURFACE FLAW SPECIMEN 
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FIGURE 9: 3.18 mm (0.125 INCH) SURFACE FLAW SPECIMEN 
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FIGURE U>. SURFACE FLAW SPECIMEN INSTALLED IN TEST MACHINE 
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IGUKE 11: SENT SPECIMEN SUBJECTED TO THERMAL PROFILE LOADING 
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FIGURE 13: CRACK PROPAGATION GAGE AND CRACK OPENING DISPLACEMENT 

CLIP GAGE INSTALLED ON SENT SPECIMEN 
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FIGURE 15: FiAW OPENING MEASUREMENT OF CURFACE FLAWED SPECIMENS 
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FIGURE 16: LOAD VS. PRESSURE, SPECIMEN 851-SF-3 
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f IGURE 17: LOAD VS. CRACK PROPAGATION GAGE OUTPUT FOR SPrCIMEN 87- 
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FIGURE 19: DEEP FLAW MAGNIFICATION CURVES (REFERENCE 2) 
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FIGURE 20: Y VS. <Vw FOR SINGLE EDGE NOTCH SPECIMENS 
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Figure 21a.) 2219-T851 ALLOY 
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Figure 21b) 2219- T87 ALLOY 
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Figure 21: PLOT OF VARIATION OF STRENGTH WITH TEMPERATURE, 2219- T851 

AND 2219-T87 ALUMINUM ALLOYS (AVERAGE VALUES PLOTTED) 
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o oT02 0T04 0.06 0.08 0.10 

FLAW 5IZE, o/G (INCH) 


FIGURE 22: PLOT OF FAILURE STRESS VS, FLAW SIZE FOR 6.35 mm (0.250 INCH) 

2219-T851 SURFACE FLAW STATIC FRACTURE TESTS, TS PROPAGATION 
DIRECTION 




o 0.02 0.04 0D6 0.08 0.10 

FLAW SIZE, a/Q (INCH) 

FIGURE 23 : PLOT OF FAILURE STRESS VS. FLAW SIZE FOR 6.35mm (0.250 INCH) 

AND 3.18 mm (0.125 INCH) 2219-T87 SURFACE FLAW STATIC 
FRACTURE TESTS, TS PROPAGATION DIRECTION 
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FLAW LENGTH, a (INCH) 

FIGURE 24i PLOT OF STRESS INTENSITY AND CRACK GROWTH RESISTANCE VS. FLAW LENGTH, 
2219-T87 ALLOY, 6.35 mm (0.25 INCH) 
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FIGURE 25 : PLOT OF STRESS INTENSITY FACTOR, K CNJ , V5. TEMPERATURE FOR 

2219 ALUMINUM ALLOY SINGLE EDGE NOTCH TENSION TIATIC 
FRACTURE TESTS, TL PROPAGATION DIRECTION 
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FIGURE 26 : PLOT OF CRITICAL STRESS INTENSITY FACTOR, K CR , VS. TEMPERATURE 
FOR 2219 ALUMINUM ALLOY SINGLE EDGE NOTCH TENSION STATIC 
FRACTURE TESTS, TL PROPAGATION DIRECTION 
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CRACK GROWTH RATE, dN iINCH/CYCLE 
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FIGURE 28: PLOT OF CRACK GROWTH RATE VS.Kj^ , 6.35 mm (0.25 INCH) 2219-T851 SF SPECIMENS 

TESTED AT 450° K (350° F), R - 0.5, FREQ = 1 Hx (60 CPM),TS PROPAGATION DIRECTION 
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FIGURE 29: PLOT OF CRACK GROWTH RATE VS.Kj^^ 6 * 35 mm (0.250 INCH) AND 3.18 

(0.125 INCH) 2219- T87 SF SPECIMENS TESTED AT ROOM TEMPERATURE, R = 0, 
FREQ. = 1 Hx (60 CPM), TS PROPAGATION DIRECTION 
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FIGURE 30. PLOT OF CRACK GROWTH RATE VS.K^^ 6,35 mm (0.250 INCH) AND 3.18 mm 

(0.125 INCH) 2219-T87 SF SPECIMENS TESTED AT 450°K (350° F), R = 0.5, FREQ. = 1 Hz 
(60 CPM ), TS PROPAGATION DIucCTION 
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FIGURE 31: PLOT SHOWING SUMMARY OF CRACK GROWTH RATE VS.K^ . FOR 2219 SF SPECIMENS, 
FREO - 1 Hz (60 CPM), TS PROPAGATION DIRECTION 
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F*U!JRE3Z PLOT SHOWING COMPARISON OF ROOM TEMPERATURE SF DATA GENERATED ON THIS 
PROGRAM WITH ROOM TEMPERATURE SF DATA COMPILED IN CR-1 15388 ( REF. 15) 
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FIGURE 33: PLOT SHOWING FORMAN'S EQUATION FITTED TO ROOM TEMPERATURE 2219-T851 

SF CRACK GROWTH DA 7 




CRACK GROWTH RATE, do dN (INCH/CYCLE, 



FIGURE 34* PLOT SHOWING FORMAN'S EQUATION FITTED TO ROOM TEMPERATURE 2219-T8 7 
SF CRACK GROWTH DATA 
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FIGURE 35: PLOT OF FLAW LENGTH VS. CYCLES, 2219-Tti/ SENT SPECIMEN 

37-Cld TESTED AT ROOM TEMPERATURE 



SPECIMEN 87-C 1 9 

THICKNESS = 3.18 mm <0.125 INCH) 

WIDTH = 305 mm (12 INCH) 

TEST TEMP. - 450° K <350° F) 

<* MAX = 31 MN/m 2 <4.5 KSI) 
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FIGURu 36: PLOT OF FLAW LENGTH VS. CYCLES, 2219-T87 SENT SPECIMEN 87-C19 TESTED AT 450°K (350°F) 


CRACK GROWTH RATE, do/dN (INCH/CYCLE) 


* * 
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FIGURE 37- PLOT OF CRACK GROWTH RATE VS. K As/ , 6.35 mm 0.25 INCH) 2219-T85I SENT 

MAX 

SPECIMENS TESTED AT ROOM TEMPERATURE, R 0, FREQ 1 Hz , 

TL PROPAGATION DIRECTION 


CRACK GROWTH RATE, da/dN (INCH/CYCLE) 
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FIGURE 38: PLOT OF CRACK GROWTH RATE VS„ K JAV , <>„35 mm (0.25 Inch) 2219-T851 SENT 

_ MAX 

SPECIMENS TESTED AT 450 K (350 F), R - 0.5 & 0 FREQ. - 1 Hz (60 CPM). 

TL PROPAGATION DIRECTION 
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FIGURE 39: PLOT OF CRACK GROWTH RATE VS. K 1JAV , 6.35 mm (0.25 Inch' 2219-T87 SENT 

MAX 

SPECIMENS TESTED AT ROOM TEMPERATURE, R - 0 & 0.5,FREQ = 1 Hz (60 CPM) 
TL PROPAGATION DIRECTION 
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FIGURE 41: PLOT OF CRACK GROWTH RATE VS. K^,, 3 J 3 mm (0. 1 25) 2219-T87 SENT SPECIMENS 
TESTED AT ROOM TEMPERATURE, R C, FREQ.' 1 Hr (60 CPM). TL PROPAGATION 
DIRECTION 
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FIGURE 43: PLOT SHOWING SUMMARY OF CRACK GROWTH RATE VS. K^ x FOR 2219 

SENT SPECIMENS, FREQ 1 Hz (60 CPM), TL PROPAGATION DIRECTION 








FIGURE 44: PLOT SHOWING EFFECT OF VARYING STRESS RATIO ON 2219 SENT CYCLIC 
SPECIMENS TESTED AT ROOM TEMPERATURE, FREQ. = 1 Hz (60 CPM>, 

TL PROPAGATION DIRECTION 
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TL PROPAGATION DIRECTION 
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FIGL" E 46; PlOT SHOWING EFFECT OF VARYING TEST TEMPERATURE ON 6.35 m.n (0.250 INCH) 
22J9-T851 SENT CYCLIC SPECIMENS TESTED AT R = 0, FREQ - 1 Hz (60 CPM), 

TL PROPAGATION DIRECTION 
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FIGURE 47: PLOT SHOWING EFFECT OF VARYING TEST TEMPERATURE ON 2219-T87 
SENT CYCLIC SPECIMENS TESTED AT R - FREQ - 1 Hz (6)CPM), 

TL PROPAGATION DIRECTION 


CRACK GROWTH RATE, da/dN (INCH/CYCLE) 



n PROPAGATION DIRECTION 
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FIGURE 49 : PLOT SHOWING COMPARISON OF ROOM TEMPERATURE SENT DATA GENERATED 
ON THIS PROGRAM WITH ROOM TEMPERATURE DATA GENERATED 3Y GRUMMAN 
ON AIR FORCE CONTRACT F33615-72-C-I744 (REF . 19) 






CRACK GROWTH RATE, da/dN (INCH/CYCLE) 


_ o o 

I CD 


(Nl/ IS*) XW >I 


2 <► 



FIGURE 50; PLOT SHOWING FORMAN'S EQUATION FITTED TO ROOM TEMPERATURE 
2219-T851 SENT CRACK GROWTH DATA 




CRACK GROWTH DATA 





CRACK GROWTH RATE, do/dN (INCH/CYCLE) 



FIGURE 52: PLOT SHOWING FORMAN'S EQUATION FITTED TO ROOM TEMPERATURE 

2219-T87 SENT CRACK GROWTH DATA 





CRACK GROWTH RATE, da/dN (INCH/CYCLE) 
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T u PROPAGATION DIRECTION 
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ACTUAL PERFORMANCE OF 87-C11 
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FIGURE 60: PLOT OF C RACK LENGTH VS. CYCLES FOR SENT SPECIMEN 87-C1 1 CYCLED AT ROOM TEMPERATURE, 
(7*40 MN^m 2 (5.8 KSI), R =0 AFTER HAVING BEEN SUBJECTED TO 58 THERMAL PROFILE FLIGHTS 



CRACK GROWTH RATE, da/dN (INCH/CYCLE) 
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FIGURE 61: PLOT OF CRACK GROWTH RATE VS. K^x FOR 3.18 mm (0.125 INCH) 

2219-T87 SENT CPE MENS CYCLED AT ET SHOWING NO ET CRACK GROWTH 
RETARDATION IN M CIMEN 87-C23. 
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FIGURE 62: FRACTURE SURFACE OF 87-C11 AND LOCATIONS FROM WHICH REPLICAS 

WERE TAKEN 



FIGURE 63: FRACTURE SURFACE OF 87-SF-C6 AM) LOCATION FROM WHICH 

REPLICA WAS TAKEN 
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FIGURE 64: TYPICAL FAliGUE STRIATIONS IN THE PRECRACK REGION 
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DIRfcCTION 





FIGURE 65: TYPICAL AREA IN THE THERMAL PROFILE REGION OF SPECIMEN 87-01 
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FIGURE 66: FRACTOGRAPH FROM THE THERMAL PROFILE REGION OF SPECIMEN 87-C11 



REGION OE SPfcCIM N 87-C11 
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FIGURE 68: FATIGUE STRIATIONS OBSERVED IN THE CONSTANT TEMPERATURE, CONSTANT 

AMPLITUDE REGION, RIGHT AFTER THE THERMAL PROFILE REGION OF 
SPECIMEN 87-C11. 


PROPAGATION 

DIRECTION 



FATIGUE STRIATIONS OBSERVED IN THE CONSTANT TEMPERATURE 
CONSTANT AMPLITUDE REGION OF SPECIMEN 87-C11, 0.64mm 
(0.025 INCH) FURTHER FROM ORIGIN THAN Figure 68. 
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FIGURE 71: FATIGUE STRIATIONS FURTHER ALONG IN CONSTANT TEMPERATURE , 

CONSTANT AMPLITUDE REGION OF SPECIMEN 87-C11, WHERE CRACK 
GROWTH RETARDATION WAS DIMINISHED. 
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FIGURE 72: THERMAL PROFILE REGION ON THE SURFACE FLAW SPECIMEN. 


PROPAGATION 

DIRECTION 



FIGURE 73: THERMAL PROFILE REGION ON SURFACE OF FLA.V SPECIMEN SHOWING 

ACICULAR MATERIAL OBSERVED THROUGHOUT MUCH OF THE REPLICA. 




















TABLE 2: SUMMARY OF LOAD/ THERMAL PROFILE TESTS 
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SENT s SINGLE EDGE NOTCH SPECIMEN 
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TABLE 3: CHEMICAL COMPOSITION OF ALUMINUM ALLOYS 
ffc BY WEIGHT) AS DETERMINED BY BOEING 
AEROSPACE COMPANY TESTS 


ELEMENT 

2219-T851 It 
6.35 mm (0.25 INCH) 
ALCOA HEAT 215061 

2219-T87 ft 
6.35 mm (0.25 INCH) 
ALCOA HEAT 215091 

COPPER 

6.40 

6.33 

MANGANESE 

0.30 

0.30 

VANADIUM 

0.09 

0.06 

SILICON 

0.10 

0.12 

IRON 

0.21 

0.19 

MAGNESIUM 

0.016 

0.018 

ZINC 

0.03 

0.03 

TITANIUM 

0.04 

0.04 

ZIRCONIUM 

0.18 

0.16 

ALUMINUM 

BALANCE 

BALANCE 


CLEANLINESS RATING OF BOTH HEATS - CLASSIFICATION 
"A" PER ASTM E -45-63, AS DETERMINED BY BCHING 
AEROSPACE COMPANY TESTS. 
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TABU 4 MECHANICAL PROPERTIES OF 6.35 mm {0.25 Inch) 
2219-T851 ALUMINUM ALLOY 


| SPECIMEN NUMBER 

MEASURED 
THICKNESS, 
mm (INCH) 

GRAIN DIRECTION: 
L- LONGITUDINAL 
T • TRANSVERSE 

w 

3 

i— 

z 

f 

k. 

tn 

ui 

»— 

£■ 
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o 

X 

u 

O ^ 

m «/t 

ff £ 

** <N 
UJ E 
1- \ 

ii 

»— 

X 

z « 
2 & 

9 ^ 
£ 2 

ELONGATION 
% IN 25.4 mm 
(1.0 INCH) 

ELONGATION 
%IN 50,8 mm 
(2.0 INCH) 

REDUCTION IN 
AREA, % 

POISSON'S RATIO 

\S% 

3 

-JC4 

OZ £ 

«/*<*> ° 
62 ~ 
Z X UJ 

Samm 

B51-L-1 

-2 

6.34 
fO. 2497) 
6.36 
(0.2502) 

L 

L 

u 

(-2C 

4 

X)) 

502 

(72.8) 

502 

(72.8) 

388 

(56.3) 

388 

(56.3) 

16 

17 

H 

35 

34 

0.286 

74.5 

(10.8) 

Avg. 





$02 ^ 
(72.8) 

588 

(56.3) 

16 

n 

34 



151 -T-l 
-2 

6.32 
(0.2487) 

6.33 
(0.2492) 

T 

T 



507 
(73.5) 

508 
(73.7) 

377 
(54 .7) 
379 
(55.0) 

17 

16 

12 

11 

26' 

25 

0.297 

81.4 

(11.8) 

Avg. 




r 

5b7 

(73.6) 

378 

(54.8) 

16 

11 

25 



151 — L-3 

6.33 

(0.2492) 

L 

291 

(65) 

452 

(65.6) 

348 

(50.4) 

17 

12 

34 

- 

- 

-4 

6.33 

(0.2494) 

L 



454 
(65. 8) 

348 

(50.5) 

18 

12 

35 

0.303 

75.8 

(11.0) 

Avg. 





455 

(65.7) 

348 

(50.4) 

17 

12 

34 



B51-T-3 

6.30 
(0.2480) 

6.31 
(0.2483) 

T 

T 



456 
(66.1) 
456 
(66. 2) 

336 

(48.8) 

339 

17 

14 

12 

11 

28 

28 

0.317 

82.7 

(12.0) 

Avg. 




r 

1$$" “ 

(66 J) 

337 

(49.0) 

15 

11 

28 



B51-L-5 

6.32 

(0.2490) 

L 

450 

(350) 

328 

(47.5) 

28! 

(40.7) 

27 

17 

58 

- 

- 

-6 

6.33 

(0.2494) 

L. 



326 

(47.3) 

277 

(40.2) 

23 

’8 

59 

3.331 

67.6 

(9.8) 

Avg. 





727 
(47 4) 

"779 

(40,4) 

25 

17 

58 



851 -T-i 

6.32 

(0.2488) 

T 



325 

(47.1) 

270 

(39.1) 

29 

lo 

56 

- 

- 

H 

6.33 

(0.2492) 

T 



325 

(47.2) 

273 

(39.6) 

26 

18 

58 

3.332 

64.8 

(9.4) 

Avg. 





325 
<47. 1) 

271 

(39.3) 

27 

18 

57 
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TABLES: MECHANICAL PROPERTIES CF 6.35 mm (0.25 Inch) 

22I9-T87 ALUMINUM ALLOV 
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87— L— 1 
-2 


87— T— 1 
-2 


6.25 

0.2*60) 

6.28 

0.2471) 


6.30 
0.2481) 
6.26 
0. 2465) 


87-L-3 

-4 


37-T-3 

-4 




6.30 
(0.2432) 

6.31 
(0.2486) 


6.29 

0.2477) 

6.28 

(0.2473) 


144 525 4?5 

(-200) (76.1) (61.7) 

525 425 

(76.1) (61.6) 

525 425 

<76.lt (61.6) 


536 

(77.7) 

541 

(78.5) 


538 
(78 1) 
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(62.3) 
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(61.3) 
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(62.1) 



=>.e 

§z i 

«Vi ° 
62 “ 
z . 1 1 1 

O u|W 

> 
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11 

27 

12 

11 

3't 

13 

11 

29 

14 
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13 

9 
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9 

15 
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19 

13 

1 

35 

16 

12 

33 

1 

17 

12 

34 

12 

10 

20 

14 

11 

22 

13 

10 

21 

j 

21 

14 

51 

20 

14 

53 

20 

14 

52 

23 

15 

48 

27 

17 

52 

25 

16 

50 


0.290 

(11.3) 


0.289 


0.311 


! 75.8 
1 ( 11 . 0 ) 
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( 10 . 6 ) 
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TABU 6: MECHANICAL PROPERTIES OF 3.18 mm (0.125 INCH) 

2219-T87 ALUMINUM ALLOY 


SPECIMEN NUMBER 

MEASURED 

THICKNESS, 

mm (INCH) 

GRAIN DIRECTION: 
L- LONGITUDINAL 
T = TRANSVERSE 

TEST TEMPERATURE 

V 

0 

ULTIMATE STRENGTH 
MN/m 2 (KSI) 

YIELD STRENGTH 
MN/m 2 (KSI) 

ELONGATION 
% IN 25.4 
(1.0 INCH) 

ELONGATION 
% IN 50.8 mm(2.0 IN) 

REDUCTION IN 
AREA, % 

POISSON'S RATIO 

t/> 

Q \ c 

O z £ 

^ 5 0 
Y* rq 2 
O 2 * 
Z x uj 

5 “ ~ 
> 

87-1-7 

3-17 

(0.1248) 

L 

144 

(-200) 

516 

(74.8) 

421 

(61.0) 

13 

9 

33 _ 

— 

_ 

-8 

(0.1267) 

L 



525 

(76.1) 

424 

(61.5) 

15 

1 1 

34 

0.300 

75-1 

(10.9) 

AVG. 

— 

— 

1 

1 

520 

(75-4) 

422 

(61.2) 

14 

10 

33 



87-T-7 

rwtm 

HeE 


1 

1 

!■ 

IttB 

427 

(62.0) 

14 

10 

23 

IB' 

■ 

-8 

K&m 

usmam 


I 


mm 

■LQJ9 

10 

8 

20 

0.318 


AVG. 

— 


1 

1 

rag 

426 

(61.9) 

12 

q 
— * 

B 


1 

87-1-9 

3.18 

(0.1251) 


I I 

RSb 

MM 

■WlVfB 

1^9 

liiwl 

16 

11 

38 


■ 

-10 



■ 

■ 

usmm 

Kian 

B 

12 

H 

0.323 

nil 

1 

AVG. 

■9 


I 


469 

(68.1) 

■nil 

15 

1 1 

EH 


B 

87-T-9 

3- 10 
(0.1220) 


1 

1 

470 

(68.2) 

fi 

11 

9 

23 

■1 

■ 

-10 

323 

(0.1270) 



1 

WLtimj: 

KilB 

mSm 

B 

8 

25 

0.316 

| 

AVG. 

— 


1 

1 

472 

( 68 . 5 ) 

381 

(55-3) 

1 1 

8 

24 


■ 

87-L-U 

3-23 

(0.1272) 


El 

BI9 

KB9 

IBS*! 

|| 

w&m I 

18 

12 

55 


EH 

-12 

mmjm 

IliUUI 



1 

K&iB 

WUrlsm 
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20 

13 

53 

0.330 

■zSB 

Rxw 

AVG. 

— 

— 



Bl 

mm 

l 

1 

IS 

n 

54 



87-T-ll 

3.22 

(0.1269) 

■ 

■ 

1 

mm 

D9BI 

■ml 

18 

H 

46 


■ 

-12 

in 101 

B 

1 

1 

KiiB 

KBBI 

Mt&m 
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13 
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40 
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| I 

■EH 

AVG. 
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D 

43 


HI 


120 
























































TABLE 7s STATIC FRACTURE DATA FROM SURFACE FlAW TESTS.TS PROPAGATION DIRECTION 
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3BmiVJ 

382 

( 55.4) 

357 

(51.8) 

O' 

o> • 
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O' 
M3 CM 
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00 o 

© 
00 CO 
co co 
. . 
00 o 

8.51 

(0.335) 

00 
O' CO 
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r> 
<> co 
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ALL SPECIMENS FRACTURED BEFORE LEAKING 




































































TAMS ft STATIC RACTUK DATA ROM SINGH EDGE NOTCH 
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TABLE 9: STATIC FRACTURE DATA FROM SINGLE EDGE NOTCH TENSION TESTS OF 6.35mm (0.25 INCH) 

2219-T87 ALUMINUM ALLOY, TL PROPAGATION DIRECTION 
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TABLE 10s STATIC FRACTURE DATA FROM SINGLE EDGE NOTCH TENSION TESTS OF 3.18 mm 
(0.125 INCH) 2219-T87 ALUMINUM ALLOY, TL PROPAGATION DIRECTION 




U; 



(NIaIS^O^/NW 

"X 'AUSN11NI 
SS38XS IVDIIPD 


(HDNl) 

siNSwannsvsvM 
o uxui'&o ' Hi ON 31 
XDV8D 1VDUI1D 


N3 x«b) sX o/ 13N( 


(is^O ^/nw 

xvw Q 'SS381S V38V 

ssobo wnwixvw 


(HDNl) «“ 

!o 'H10N31 
XDVHD 1V1IINI 


(HDNl) mUJ 
M # H101M 


(HDNl) “"u 
\ 'SS3NXDIH1 


NOUVDIJI1N30I 

N3WID3dS 


3HniV83«IWiI IS 31 


Oi 

o! 














































































































Vo 

0.50 

nC 

1". 

o 

urt 

00 

o 

o 

IA 

• 

Q 

U> 

00 

_9 

(IS^O jW/NW 

xvw o 'ssais 

V3JIVSSOHOXVW 

rn. 

<n 

— CM 

n 

■£1 

H 

if 

(HDNI) «“ 
M # H1GIM 


o 

CM O 

o • 

— -3* 


CM O 
O - 
— -T 

o 

CM O 
O * 
— -» 

(HDNI) 

4 '$S3N)OIHi 

f" T 
CM CM 

O 

PH 
f^-4* 
CM CM 

SO © 


■Pi 

m 

rv 
pH.-ar 
CM CM 
• * 
V0 O 

NOI1VDI3 

-I1N30I 

N3WID34S 

0 

1 

u. 

U) 

1 

pH 

CO 

87-SF-C2 


rf\ 

O 

U» 

4/> 

* 

PH 

CD 

«r3-iS-Z8 

u 0 )^> 

nmvuMwai i 

1 

— u> 

CM 



o 

«A 


IS 31 




















































.8 
*» ? 


l4»- 

M Z 

feg 

5 z 

2: o 

*» 

x Z 
U O 

z p 

u 

a u 


oo < 

” £ 

£2 

< 

o y» 


d 0> 



S31DAD 





>1 A1ISN31NI 
SS3Uli XVW 



(HDNI) ““ 

=>2 

'HieNJl MV13 


(HDNI) ^ 

° # Hld3Q MVld 


3DN3fT03S IS 31 




XVWo'SSSJIlS 

V3UVSSO?lOXVW 


(HDNI) ““ 
M 'H1QIM 


(HDNI) 

< 'SS3N5IDIH1 


NOI1VD13I1N30I 

N3WlD3dS 


^o> *o 

aniVHdwai 

ISSi 


o 

o 

Lf\ 

o 

-4- 

LA 

00 

LA 

• 

• 

* 

• 










\D 

O CM 

CA CM 

CA CM 

O CM 

CM — 

<M — 

CM *— 

CM ~~ 

CA O 

CA O 

CA d 

CA O 

w> 

w ' 


'* w ' 




o 

rs. 

00 

<n 

w— 

u 

o 

u 

U 

i 

t 

t 

i 

Ul 

u. 

u. 

U- 

cn 

CO 

CO 

CO 


1 

r*. 

r«K 

<30 

00 

00 

00 













































































TABU 14: CYCLIC CRACK GROWTH DATA, 6.35 mm {0.250 INCH) 2219-T851 SENT SPECIMENS. 

FREQ = 1 Hz (60 CPM), TL PROPAGATION DIRECTION, CONSTANT TEMPERATURE. 
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TABLE 16: CYCLIC CRACK GROWTH DATA, 3.18 mm (0.125 INCH) 2219-T87 SENT SPECIMENS 

FREQ = 1 Hz (60 CPM), TL PROPAGATION DIRECTION, CONSTANT TEMPERATURE.' 
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ET - ELEVATED TEMPERATURE. (450K (350F1) 
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REMARKS 
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ROOM TEMPERATURE 

ELEVATED TEMPERATURE (A50K (350°F)) 












f 


! 


! 


1 


i- 




Z 

•u 


3 

V 

o- 

«M 

N 

X 

u 

z 

8 


E 

E 

«o 

«*> 


< 

O 

P 

2 13 
os 

V O 

So 

Up 

u < 
Z3 O 
u < 

> o. 
UO 


o 

oc 


% 

«A 


5 

u 

it! 

v» 


in 


8 

2 


REMARKS 
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ROOM TEMPERATURE 

ELEVATED TEMPERATURE (450K (350*F) Uhl.M noted In Remark*) 
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REMARKS 

MODIFIED FULL SPECTRUM TEST, 
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ROOM TEMPERATURE 

ELEVATED TEMPERATURE (450K (350°F) (Unles* Noted in Remarks) 
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TABLE 22: THERMAL PROFILE CYCLIC CRACK GROWTH DATA, SUSTAIN LOAD AT E 
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RT - ROOM TEMPERATURE 

ET = ELEVATED TEMPERATURE (450K (350° F) ) 






















